is compatible with frequency drift methods or other methods that monitor the frequency, phase jumps, harmonics or grid impedance.
The droop based APC concept was proposed in [5] to avoid the repeated tripping of overvoltage relays in European grids.
The design of the droop parameters was based in the European standards; however the concept's performance was not demonstrated. Usually grid-tie inverters are controlled, as current sources with maximum power point tracking (MPPT) algorithms. It is proposed that the power injected by the inverter be a function of the bus voltage (V) according to ( )
where P MPPT is the maximum power available in the PV array for a given solar irradiance (kW), m is a slope factor (kW/V) and V cri is the voltage (V) above which the power injected by the inverter is decreased with a droop factor. For V < V cri the inverter injects P MPPT , as most PV inverters do. The proposed method uses local voltage to define how much power should be curtailed from each PV inverter. The droop coefficients of the inverters (m and V cri ) can be selected for the inverters to comply with the voltage limits at their connection buses. In addition, they can be used to co-ordinate the PV inverters, for sharing the active power curtailment required for keeping all bus voltages within the acceptable range, without a dedicated communication channel. The logic used to implement (1) is shown in Fig. 1 . 
SYSTEM DESCRIPTION
Residential feeders with PV systems can be considered a critical case regarding potential for overvoltage. The typical load profile of residential feeders presents a peak value during night time when there is little or no PV generation. On the other hand, the demand is relatively low when power generation peaks, leading to reverse power flow in the feeder and consequently overvoltage. Conversely, the typical load profiles of commercial and industrial feeders present a good correlation with the typical PV power profile [14, 15] , what tends to reduce the likelihood and magnitude of overvoltages, for the same ratio of peak load and peak power generation.
The model of the overhead residential suburban feeder used in this study is described in details in [9] . The PV neighbourhood under investigation, presented in Fig. 2 , has a 75 kVA, 14.4 kV -120/240 V, single-phase LV transformer. Table 1 . Fig. 3 shows the configuration of the transformer model and Table 2 provides the low voltage transformer parameters. The house characteristics for the voltage profile and energy yield studies is based on the Alstonvale net-zero energy solar house (ANZH) [16] . It is able to generate as much power as it consumes in one year. Net-zero energy solar houses are a critical case regarding overvoltages as they require a reasonably large amount of PV systems to be installed to be able to meet the energy needs of each residence and consequently high potential for overvoltages. If normal houses are considered, overvoltages are less likely happen as the installed PV capacity is reduced as compared to net-zero energy solar houses. The ANZH presents a building integrated photovoltaic thermal (BIPV/T) rooftop system, which is capable of generating 22 kWp of thermal energy and 8.4 kWp of electrical energy. The annual electricity generation expected from this house is about 10,000 kWh, which is estimated to match the annual consumption of the ANZH with a plug-in hybrid electric vehicle (PHEV) [16] .
The software HOMER is used to estimate the load profiles and PV inverter's power output for each hour of one year. Two yearly load profiles were generated, in order to consider some level of variation in the load profiles in the houses.
Average daily non-electric heated residential load data from [17] for different seasons and also considering weekday and weekends ( Fig. 4 and Fig. 5 respectively) were used as reference for HOMER to generate the yearly load data sets. The seasonal data was then scaled in HOMER to have an annual average energy demand of 30 kWh/day. The day-to-day and a time-step-to-time-step random variability factors of 35 % and 20 %, respectively, were considered to represent the high variability characteristic of residential loads. The houses located in the left side of the feeder were attributed this load profile.
The load profile box plot obtained from HOMER is presented in Fig. 6 . It is shown for each month the mean, the maximum and minimum average power as well as the average daily max and min power. The second load data set, attributed to the houses in the right side of the feeder, was generated using the same procedure, however using the data from [17] time shifted one hour later.
The one year hourly PV inverter output was also estimated using HOMER for the city of Montreal (Latitude 45°55' and Longitude 73°). All the 8.4 kWp PV arrays are considered to be south faced, placed with a slope of 45° and having a derating factor of 0.8. The efficiency of the inverter was assumed as 96 %. Fig. 7 shows PV inverter average power output box plot generated by HOMER. 
SIMULATION RESULTS
The hourly data content of the load datasets and PV inverter output power obtained were used in PSCAD as input for the one year study. For each one of the cases studied, the simulation generated 35052 samples taken along the 8760 hours of the year, obtained through the interpolation of the input data, so that there is a sampling time of about 15 min.
Four case studies are investigated to verify the system's voltage and energy yields for the original net-zero energy PV neighbourhood, using reduced installed PV capacity to avoid overvoltage and with the proposed droop based APC schemes.
BASE CASE
The first case corresponds to the standard approach where the PV inverters operate with MPPT until, if ever, the voltage at their point of connection reaches 1.1 pu, when the basic inverter protection for voltage trip limits [18, 19] shuts down the PV inverters. In addition, from the data obtained, one calculates that the transformer is on average loaded about -2 kW, thus, the houses consumed more power than they generate, with a standard deviation of 22 kW.
REDUCING THE INSTALLED PV CAPACITY (RED. PVCAP)
The second case considers that the installed PV capacity was reduced from 8.4 kWp to 5 kW per house. This reduction was defined based on the sensitivity matrix of this system presented in [9] and it was calculated in order to avoid overvoltages considering that the maximum voltage found in the feeder in the previous case was 1.088 pu. 
DROOP-BASED APC DESIGN
The third case considers that all PV inverters are controlled with droop based APC and present the same droop coefficients.
The droop parameters were selected so that APC only occurs for local voltages between Note that due to the use of APC, the maximum power injected by the PV neighbourhood into the MV grid decreased from 84 kW, without APC, to 53 kW. This is the "cost" of preventing overvoltage when the net power produced by the PV neighbourhood is high. In addition, from the data obtained, one calculates that the transformer is on average loaded at about -3.0 kW with a standard deviation of 19.3 kW. 
DROOP-BASED APC DESIGNED FOR OPL SHARING
In this last case, the inverters are also controlled with droop based APC, but the droop parameters of the inverters are different so that the OPL are shared equally among all houses. The design of the droop coefficients for APC with OPL sharing (APC-OPLS) is based on the voltage sensitivity of the system [4] obtained running a Newton-Raphson load flow in Matlab for the backbone of the LV feeder. The first order sensitivity analysis method was used to obtain a quantitative measure of the impact of the variation of the active and reactive power of the inverters on the variation of the magnitude of the voltage at the radial distribution feeder. The complete design approach is presented in [9] , assuming a maximum voltage without curtailment of 1.088 pu (261 V). The coefficients used in the simulation are shown in Table 3 . It is interesting to notice that as the power curtailment operates from 1.042 pu of voltage to 1.058 pu, the voltage occurrences that were above 1.058 pu moved to the region that the APC operates. As in the previous case, the occurrences for voltages below 1.042 pu are the same for Fig. 8 , Fig. 14 and Fig. 16 . In addition, from the data obtained, one calculates that the average voltage presented was 1.016 pu, with a standard deviation of 0.015 pu. Note that the maximum power injected by the PV neighbourhood into the MV grid decreased using APC-OPLS. It is smaller than the 53 kW obtained with APC. This is the "cost" of sharing the OPL required for preventing overvoltage among all inverters/houses. In addition, from the data obtained, one calculates that the transformer is in average loaded about -3.4 kW with a standard deviation of 18.6 kW. 
YEARLY ENERGY YIELDS
For each of the four cases considered in this study, the energy generated and consumed by each house, by the PV neighbourhood as a whole and overvoltage occurrences were obtained. Table 4 shows the energy produced and the overvoltage occurrences in the feeder for each month. The months between
March and September are the ones with the largest energy generation. The base case has the highest overall energy production, but creates overvoltage in the feeder. Comparing the approaches for avoiding overvoltage, simply reducing the installed PV capacity in each house from 8.4 kWp to 5 kWp, results in a decrease of 41% in PV power generation.
Using the APC techniques, one can avoid overvoltage in the feeder while keeping the original 8.4 kWp/house. The reduction in PV power generation was around 7.7% when all inverters present the same droop parameters. In such a case, the houses farthest from the transformer have more energy curtailed as can be seen in Table 5 . Houses H 12 and H11 lose about 20 % of their energy output by the curtailment, while the houses closer to the transformer can profit from all its production. On the other hand, with the APC-OPLS technique the energy losses due to power curtailment are shared among all the houses. Every house loses about 10 % of energy leading to an overall decrease of 2.7 % in the energy produced by the PV neighbourhood with respect to the original APC. Table 6 shown that having the desired installed PV capacity for yearly net-zero energy operation, in a particular year, the energy import of the neighbourhood would be about 13% of its needs, but there would be overvoltage occurrences in the feeder. Reducing the installed PV capacity can prevent overvoltages, however it was found that the solar neighbourhood would have to import around 50% of its electricity needs. Alternatively, one can use the desired installed PV capacity that caused overvoltage and use inverters with APC to reduce PV generation only when there was the possibility of overvoltage due to high generation and low load. In this way, using the basic APC approach, the electricity import from the MV grid was limited to around 20% of its needs.
In the basic APC scheme, all PV inverters use the same droop coefficients but their contribution, in terms of APC, for overvoltage prevention was different. Houses located downstream on the feeder were required to curtail more energy than the others (close to transformer), affecting their revenues. This problem can be eliminated with the APC-OPLS method that shares the output power losses (OPL) among all inverters. The difference on energy curtailed between houses located downstream and upstream becomes negligible. However, this feature comes at the expense of smaller (~3%) energy yield for the residential PV feeder with respect to the basic APC scheme. 
